From molecules to morphology
Metazoan development is often viewed as a series of information processing events in which the genome computes where and when to synthesize particular gene products. Importantly, development is also a feat of engineering in which genetic information is used to change cell shape and cell -cell interactions to generate form. One of the major players in the path from molecules to morphogenesis is the actin cytoskeleton. Actin filaments together with myosin motors help control the shape of all eukaryotic cells and, in multi-cellular animals, generate the forces required for many morphogenetic processes; from cytokinesis, axon path-finding and muscle contraction to epithelial folding. In each case, the precise form, localisation and mechanical properties of the requisite actin filament network are regulated by the action of a distinct set of actin-binding proteins. Thus, for many processes, actinregulatory proteins can be considered the 'architects' of the cell. In this review, we use examples taken from Drosophila development to explore ways in which the complement of actin-regulatory proteins expressed by a cell together with local environmental cues shape the cytoskeleton to bring about animal morphogenesis.
The actin cytoskeleton
Actin is a globular protein that exists in dynamic equilibrium, cycling between monomeric and filamentous states (Fig. 1A,B ). Our understanding of the kinetics of actin filament formation and disassembly owes much to biochemical studies investigating the properties of purified actin and actin-binding proteins (Higgs and Pollard, 2001; Pollard and Borisy, 2003) . In vitro, the rate-limiting step in the polymerisation of a new actin filament from monomers is nucleation (Mullins et al., 1998) . By analogy, the rate of new actin synthesis in cells is thought to be dominated by the availability of non-actin templates to which actin monomers can be added and by the availability of free actin filament ends that are generated by the uncapping or severing of existing filaments. Once initiated, actin filaments rapidly extend in a polarised fashion as actin-ATP monomers are preferentially added to the growing filament end (Fig. 1B) . Commonly known as the 'barbed' or plus end. As the filament ages, the ATP moeity is hydrolysed and phosphate is released (Carlier and Pantaloni, 1988) . The resulting ADP-actin filaments are disassembled through the loss of actin monomers from the filament 'pointed' (minus) end and by the action of actin-severing proteins (Bamburg et al., 1999) . This cycle of actin polymerization and disassembly is extremely rapid, so that while the total numbers of actin filaments remains approximately constant in a migrating cell, most individual filaments have but a fleeting existence (Watanabe and Mitchison, 2002) . The hydrolysis of ATP accompanying filament turnover providing the free energy to power directional filament growth and the rapid re-mobilization of actin-based structures.
A further consideration is that many organisms express multiple actin isoforms (Fyrberg et al., 1980; Goldstein and Gunawardena, 2000; Lovato et al., 2001; Mounier et al., 1992) . In Drosophila, the six actin proteins are expressed in distinct patterns (Fyrberg et al., 1983) , which, although differing in amino-acid sequence at only a very few residues, cannot substitute for one another (Fyrberg et al., 1998) . It is therefore likely that different actin isoforms interact with distinct sets of actin-binding proteins to perform specialized functions.
Each step in the cycle from actin monomer ATP/ADP exchange to filament nucleation, growth and disassembly is regulated by specific sets of actin-binding proteins, many of which are evolutionarily conserved from yeast to humans (Ayscough, 1998; Dos Remedios et al., 2003) . For example, the Arp2/3 complex nucleates new actin filament formation, Profilin loads actin monomers with ATP and facilitates the addition of actin-ATP to growing filament ends and Cofilin promotes filament disassembly. (A summary of the roles of some of the various actin-binding proteins is shown in Supplementary figure 1) . In addition, phospholipids (phospho-inositides in particular) favour new actin synthesis (Yin and Janmey, 2003) , helping to explain the tight association of F-actin with the eukaryotic plasma membrane. As a consequence of this association, the membrane acts as a stable reference point that guides polarization of the actin cytoskeleton.
Although individual actin-binding proteins can influence local actin structures in profound ways, cells also need to orchestrate the activity of distinct sets of actin-binding proteins to build specific structures as and when required. The small Rho GTPases have been shown to play a particularly significant role in mediating the construction of distinct actin structures in response to specific intracellular or extracellular cues (Hall, 1998) . Influential studies in mammalian cells in culture have shown that activated Rho induces the formation of actin -myosin stress fibers, activated Rac induces branched actin filament structures and lamellipodia, and activated Cdc42 induces the formation of parallel actin bundles and filopodia (Nobes and Hall, 1995; . To affect these changes in cell form in response to an extracellular signal, Rho-family GTPases become transiently loaded with GTP. This enables a GTPase to interact with a specific set of actin-regulatory proteins, inducing a change in their localisation and/or conformation. Although GTPase signalling cascades that alter cell shape have been widely studied in cell culture systems, it is not known where in the signalling hierarchy (from initiation of the signal to GTPase to actin-binding protein) the information about the spatial form of the resulting actin network resides. In fact, it is likely that the macroscopic features of the cytoskeleton emerge from subtle interactions between the multitude of actin-binding proteins, lipids, etc. as energy flows through the system (van Oudenaarden and Theriot, 1999) .
Converting chemical energy into force
In animal cells, the actin cytoskeleton generates the mechanical force required for many morphogenetic processes. Two models are usually invoked to explain how actin helps convert chemical energy into mechanical work (Mitchison and Cramer, 1996) . First, actin polymerization itself can generate a protrusive force by acting as a thermal rachet; the free energy derived from ATP hydrolysis being used to drive directional filament growth (Theriot et al., 1992) . Second, stable actin filaments provide a substrate upon which Myosin motors can move (Reedy, 2000) . In this way, two Myosin II motors attached tail to tail can pull antiparallel actin filaments in opposite directions to generate a contractile force, hydrolysing ATP in the process. A wealth of evidence suggests that these two mechanisms are ubiquitous and underlie a variety of morphological events in cells and embryos (see below). However, it is clear that the actin cytoskeleton contributes in other ways to morphogenesis, since actin filaments are also necessary to establish and maintain the form of eukaryotic cells bounded by a rigid wall. In plants and fungi, for example, actin filaments are thought to direct cell morphogenesis primarily by polarizing the axis of growth. New material is transported unidirectionally along actin filaments to one end of the cell. There it is incorporated into the labile cell tip as it expands under turgor pressure (Harold, 2002) . Furthermore, actin is also required to internalise membrane and extracellular material, through endocytosis and phagocytosis (May and Machesky, 2001) . It is quite possible that actin filaments perform similar functions when influencing cell morphogenesis in Metazoa, e.g. by acting as tracks for directional intracellular transport and by affecting the tendency of specific cortical domains to yield to internally generated pressure (Bradke and Dotti, 1997) . In addition, in the absence of a cell wall, the cortical actin cytoskeleton of an animal cell provides an essential support, protecting the plasma membrane from mechanical damage.
Because individual actin filaments are flexible and easily broken, whatever the precise force generating mechanisms used for morphogenesis in animals, actin filaments must be interlinked (Fig. 1C) if they are to have an impact on the overall shape of a cell-let alone an embryo. The mechanical properties of an actin network depend on the extent of filament branching and cross-linking, together with the relative orientation of individual filaments. Different sets of actin-binding proteins can generate distinct actin networks each with unique properties. Myosin II can form a bridge between anti-parallel actin filaments to facilitate the formation of contractile fibers, Fascin crosslinks parallel actin filaments to generate rigid, hexagonally packed actin bundles (DeRosier and Tilney, 2000) and the Arp2/3 complex generates Y-shaped actin filament branches and diffuse actin networks by nucleating actin filament formation at a , 708 angle to existing filaments (Svitkina et al., 1997; Svitkina and Borisy, 1999) . Since there are hundreds of actin-binding proteins in Metazoa that can function in various combinations (Dos Remedios et al., 2003; Goldstein and Gunawardena, 2000) , these structures may be the tip of the iceberg. Moreover, in vivo, actin cyto-architecture changes in space and time, so that what began as a diffuse branched structure can, with cross-linking, become a tight bundle of filaments (Svitkina et al., 2003) . As we will see, given time, cells are able to generate highly elaborate actin-based structures. There are also many instances (e.g. in a motile cell) when the 'cytoskeleton' acts as an integrated whole, so that a change in actin filament organisation in one part of the cell has dramatic consequences for the cytoskeleton at the opposite cell pole. Global cytoskeletal organisation can arise from high levels of filament cross-linking, from competition between nascent filaments for a limited actin-ATP monomer pool or a key actin-regulator, and from interactions and antagonisms built into the cytoskeletal regulatory machinery. Furthermore, because actin filaments are often anchored in the plasma membrane at sites of cell -cell adhesion, the actin cytoskeleton of an entire tissue or embryo can act as a single mechanical structure. Actin filaments therefore provide eukaryotic cells with a flexible scaffold with which to build macroscopic structures on different length scales. In the remainder of this review we will explore how our comprehensive understanding of actin's behaviour in vitro can be applied to help explain a variety of morphogenetic events during Drosophila development, examining the formation and function of actin structures that underlie ventral furrow formation, dorsal closure and bristle and muscle morphogenesis. We would also like to draw the attention of readers to recent reviews that discuss roles for actin at other stages during Drosophila development (Hudson and Cooley, 2002b; Luo, 2002 ) (see Supplementary figure 1, for roles of known actinregulators).
Remodeling the embryo

Ventral furrow formation
We will consider two morphogenetic events during Drosophila development to explore how changes in the actin architecture within individual cells drive dramatic changes in the form of the embryo.
Gastrulation is the first major morphogenetic event during embryogenesis. In Drosophila, gastrulation begins immediately after cellularisation with formation of a ventral furrow (Leptin, 1995) . First, a few mesodermal precursor cells narrow their apices and expand their basal domains, becoming wedge-shaped in the process (Sweeton et al., 1991) , (Fig. 2B) . This morphological change then sweeps through the ventral-most domain of the epithelium, driving formation of a furrow (Sweeton et al., 1991) (Fig. 2C ). The extent of the future furrow is defined by two transcription factors, Twist and Snail (Fig. 2) , which induce the expression of specific target genes within the ventral domain of the embryo (Leptin and Grunewald, 1990; Leptin and Roth, 1994) . These include an important regulator of morphogenesis, Folded Gastrulation (Fog) Costa et al., 1994) . Fog is a secreted protein that signals to neighbouring cells in the epithelium via a hetero-trimeric Gprotein, activating a Rho GTPase exchange factor, Rho-GEF2, and, as a result, RhoA (Barrett et al., 1997; Hacker and Perrimon, 1998) . In target cells, Fog induces apical flattening, followed by constriction of the apical cortex, throwing the overlying plasma membrane into folds (Leptin, 1995) . Importantly, since components of this Rho signalling cascade are supplied by the mother, every cell in the embryo is primed and ready to change shape in response to the Fog morphogenetic trigger (Morize et al., 1998) . In mammalian cells, an analogous G-protein signal acts through Rho to induce the phosphorylation and activation of Myosin II and the formation of actin -myosin stress fibers (Van Aelst and D'Souza-Schorey, 1997). Because of the similarities between these two signalling cascades it has been suggested that Fog, RhoGEF2 and RhoA might act upstream of Myosin II during Drosophila gastrulation (Barrett et al., 1997; Hacker and Perrimon, 1998) . This idea is supported by the observation that invagination of the ventral furrow is prefigured by a dramatic change in Myosin II localization, from the basal cellularisation front to the apical domain (Leptin, 1999; Young et al., 1991) (Fig. 2B ). Other conditions need to be met if Myosin II is to generate the force required to change the form of the embryonic epithelium. These include the local assembly and anchoring of an anti-parallel actin filament scaffold for Myosin at cellcell junctions and the maturation of adherens junctions (Braga et al., 1997; Vaezi et al., 2002; Vasioukhin et al., 2000) . In summary, during Drosophila gastrulation, local activation of a Rho GTPase signalling cascade acts on Myosin II to induce concerted changes in cell shape and to provide the force necessary for internalisation of the presumptive mesoderm.
Dorsal closure
Dorsal closure begins some time after the completion of gastrulation in Drosophila and is another example of a complex morphogenetic movement that is brought about by precise regulation of the actin cytoskeleton. At the start of dorsal closure, the amnioserosa, an extra-embryonic tissue, is exposed on the dorsal side of the embryo and surrounded by epidermal cells. A set of strictly choreographed cell shape changes then resolves and seals this eyeshaped discontinuity in the epidermis (Fig. 3) . These movements are driven by force generation in cells of the amnioserosa and in adjacent epidermal cells (arrows Fig. 3) . Cells in the amnioserosa contract, probably through the action of an actomyosin network, pulling the epidermal cells to which they are connected dorsal-ward. Concomitantly, a 'supra-cellular purse string' that interconnects cells in the leading edge of the epidermis draws the two epidermal fronts together (Young et al., 1991 (Young et al., , 1993 . By transmitting mechanical force from one end of the embryo to the other, this structure also coordinates shape changes in individual cells within the epithelium . Because of the geometry of the dorsal hole, the cable progressively loses its ability to generate force in the dorsal direction as it contracts. Thus, the final drive towards dorsal closure is powered by interactions between interdigitating actin-based protrusions extending from cells in the two opposing epithelial fronts (Jacinto et al., 2000) . These protrusions initiate new cell -cell junctions which zipper-up the dorsal hole from both anterior and posterior poles (Fig. 3A) . The assembly of the cyto-architecture necessary for dorsal closure begins with progressive polarisation of cells in the dorsal leading edge and the maturation of adherens junctions that link the dorsal-most portion of cells in the epithelium (Kaltschmidt et al., 2002) . Actin filaments and Myosin II are then incorporated into these nascent junctions to generate a continuous, contractile actomyosin cable along the leading edge. Near the completion of dorsal closure, leading edge cells extend large lamellipoda and filopodia (Harden et al., 1996; Jacinto et al., 2000) . Once these actin-based protrusions from either side of the epithelium have made adhesive contacts with one another, they must be remodelled, incorporating Myosin, to pull opposing epithelial fronts together. While the actomyosin cable requires the activity of RhoA and Myosin II (Bloor and Kiehart, 2002; Magie et al., 1999; Young et al., 1993) , these protrusions require Cdc42 and Rac for their formation (Jacinto et al., 2000; Hakeda-Suzuki et al., 2002) . Thus, during dorsal closure, discrete actin structures are generated in the same cells, under distinct temporal programmes. In the absence of the cable, actin-rich processes appear wildly exuberant . This suggests that the cable acts to restrain autonomous cell ruffling and that these actinbased structures have an antagonistic relationship. Once the dorsal epidermis has been sealed, however, both structures are synchronously down-regulated and normal epithelial junctions are established, restoring epithelial continuity.
Having looked briefly at the role of the actin cytoskeleton in two well-studied morphogenetic movements during early Drosophila development, it is clear that several unifying themes can be identified. In both cases, morphogenesis is triggered by the activation of Rho GTPases in precisely defined domains, leading to the assembly and contraction of an actomyosin cable at adherens junctions and, in the case of dorsal closure, to the formation of new actin-based projections. These actin-based structures generate the forces required to remodel the embryonic epithelium. The predominant role played by contractile forces in both ventral furrow formation and dorsal closure reflects the ease with which tension can be propagated over long distances and across cell -cell junctions. Since cells in the embryo are mechanically coupled, this force may also help provide an almost instantaneous, long-range signal to coordinate and give direction to the cell shape changes taking place (Farge, 2003) . Like all tissue movements, successful ventral furrow formation and dorsal closure also require synchronous changes in cell state, including nuclear migration, apicalbasal cell shortening, and the making and breaking of junctions. Furthermore, in both cases, lateral cells in the embryonic epithelium must expand their apical domains to compensate for the loss of cells from the surface of the embryo (Glise and Noselli, 1997; Ricos et al., 1999) . Even if such shape changes are passive, they are likely to require a malleable cytoskeleton. Finally, cell division must be inhibited if these tissue movements are to proceed unimpeded, because it requires profound changes in cell shape and adhesion. Moreover, if cytokinesis occurs it will compete with other actin-based processes for cytoskeletal components, since it requires the construction of a RhoAdependent contractile actomyosin ring (Edgar and O'Farrell, 1989; Grosshans and Wieschaus, 2000; Mata et al., 2000) .
Due to the complexity of these morphogenetic events and the difficulties of distinguishing between passive and active changes in form, a proper understanding of the mechanics of dorsal closure and gastrulation will require more information about the physical properties of embryos and the use of mathematical models (Hutson et al., 2003) . Ultimately, the goal will be to understand how molecular events in individual cells in the embryo generate changes in the form of the whole.
Elaborate actin structures, built over hours and days
Although rapid changes in actin organization are required for cell motility and to remodel epithelia, some morphogenetic events require elaborate, relatively stable actin filament-based structures. As examples, we will look at the construction of actin structures which underlie bristle and flight muscle morphogenesis during Drosophila metamorphosis. Such structures are built incrementally over a period of hours and days using molecular rulers and scaffolds, and they bring with them a host of novel construction problems (Littlefield and Fowler, 1998; Tilney et al., 1992) .
The bristle
Thirty-two hours after the initiation of pupariation, small protrusions grow out from individual cells in the developing fly epidermis (Tilney et al., 1995; Tilney et al., 1996) . Over the next 30 h, these nascent bristles extend, reaching a final length of between 70 and 400 mm (Fig. 4A,C) . In a continuing effort to understand the mechanisms underlying bristle morphogenesis, the Tilney laboratory has used electron microscopy to study bristle development in the wild-type and in several Drosophila mutants (Fig. 4B,D) . In parallel, other groups have examined the morphogenesis of related structures, wing hairs and arista laterals (Dickinson and Thatcher, 1997; He and Adler, 2002; Turner and Adler, 1998) . When the developing bristle is viewed under the electron microscope, bundles of parallel actin filaments are observed lying along its length with their barbed ends facing the tip (Tilney et al., 1995; Tilney et al., 1996) (Fig. 4B,D) . Bundles lie closely apposed to the plasma membrane in valleys separating ridges of cuticle that line the bristle shaft. These actin bundles appear to emerge from small patches of electron dense material at the bristle tip, reminiscent of the actin bundles that underlie the growth of microvilli and stereocilia (DeRosier and Tilney, 2000) . As actin filaments within the bristle age, they move away from the bristle tip as a result of retrograde flow (Guild et al., 2002) , becoming progressively more tightly packed as they do so (Tilney et al., 2000b) . Near the bristle tip, individual actin filaments are crosslinked into , 50 loose clumps of , 10 actin filaments. At more basal positions, filaments are consolidated into 7 -11 large bundles (Fig. 4B) , each of which enlarges to contain , 500 hexagonally packed actin filaments. This progressive bundling is controlled by the consecutive action of two conserved cross-linking proteins, Forked and Singed (Tilney et al., 2000b) . Forked is a Villin homologue that is concentrated at the bristle tip (Petersen et al., 1994) , where it cross-links nascent actin filaments to form small lose bundles (Tilney et al., 2000b) . Subsequently Singed, the Drosophila homologue of Fascin (Cant et al., 1994) , zippers disordered actin filament bundles into a crystalline hexagonal array (Fig. 4B) . In mature bundles, Singed cross-bridges are readily visible, linking adjacent filaments at 12 nm intervals along the bristle's long axis (Fig. 4D) . This corresponds to the maximum density of protein crosslinks that can be made between parallel actin filaments and ensures that actin bundles, and the bristles they support, remain rigid and straight (DeRosier and Tilney, 2000) . Purified Singed protein is able to cross-link actin filaments in vitro to generate a similar density of filament packing (Cant and Cooley, 1996) . However, because the path to the minimal energy state requires repeated cycles of cross-linking and release, this process is exceedingly slow in vitro. Thus Forked may function to accelerate this process during development (DeRosier and Tilney, 2000) . Finally, the treatment of bristles with a broad specificity kinase inhibitor, staurosporine, prevents the formation of the hexagonal packing (Tilney et al., 1995) , suggesting that a kinase within the bristle modulates the activity of Singed (Yamakita et al., 1996) , to regulate the proper spatial and temporal order of the two actin crosslinking steps.
Actin filament bundles within the bristle do not run the length of the bristle shaft. Instead the mature filament bundles are segmented, being constructed from overlapping 'modules', 1 -5 mm in length (Tilney et al., 1996) (Fig. 4C) . Remarkably, the average length of each module is independent of the number of filaments in the bundle, the rate of bristle growth and the extent of cross-linking (DeRosier and Tilney, 2000) . Furthermore, modules at opposite sides of the bristle lie in transverse register (Fig. 4C) . Since the apicalbasal position of an actin filament bundle is a measure of its age, this modular structure may be a consequence of fluctuations in the state of actin dynamics during the birth of filaments at the bristle tip. Modules of a similar size are observed during the construction of arista and in nurse cells (Guild et al., 1997) , suggesting that they may be key components of Drosophila's morphogenetic tool-kit. Why flies construct large rigid actin rods in this way is unknown (DeRosier and Tilney, 2000) . We can speculate however that a modular design may protect near-crystalline packed bundles from the spread of local defects and deformations. In addition, this arrangement may facilitate the rapid assembly and disassembly of heavily cross-linked structures by increasing the number of free ends.
Mutations in a large number of regulators of actin dynamics, including CAP (Baum et al., 2000) , CapZ (Hopmann et al., 1996; Hopmann and Miller, 2003) , Cofilin (Gunsalus et al., 1995) , Profilin (Cooley et al., 1992) , Slingshot (Niwa et al., 2002) and Twinfilin (Wahlstrom et al., 2001) , cause profound changes in bristle form (See Supplementary figure 1) . Therefore actin filament formation and disassembly must be precisely regulated for proper bristle construction. At present, however, the genes responsible for the initiation of new actin filament formation within the bristle tip remain to be identified. Somewhat surprisingly, the Arp2/3 complex (which nucleates actin filaments) and Arp2/3 regulators, Wasp and Scar, have very little impact on the form of bristles or related structures (Hudson and Cooley, 2002a; Zallen et al., 2002) . It is therefore possible that other actin nucleators (e.g. formins) catalyse the synthesis of new parallel actin cables in Drosophila bristles, as they do in budding yeast (Evangelista et al., 2002; Sagot et al., 2002) . Alternatively, nucleation may not be a rate-limiting step in the formation of actin filaments in the developing bristle.
Because bristle morphogenesis continues for several hours in tissue explants, it has also been possible to use pharmacological agents to test the effects of altering actin filament dynamics during bristle growth (Tilney et al., 2000a) . This has proved an invaluable addition to the genetic analysis. Using this methodology, cytochalasin D, a drug that blocks access of monomer to the barbed ends of actin filaments, has been shown to disrupt bristle morphogenesis, generating small, malformed bristles. In contrast, Jasplakinolide, a pharmacological agent that promotes actin filament formation, has the opposite effect, increasing the speed of bristle elongation (Tilney et al., 2000a) . These data support the idea that actin filaments within the bristle extend by the addition of actin-ATP monomers to filament barbed ends at the bristle tip, driving elongation of bristle shaft (Lees and Picken, 1944) . However, during the very early steps of bristle formation, the protrusions formed appear devoid of actin (Tilney et al., 1995) . Moreover, recent studies provide strong evidence to suggest that mutant bristles and related structures grow throughout their length (Fei et al., 2002) . Therefore, an alternative hypothesis is that actin filaments aid bristle development by directing bristle growth. This could help explain why mutations in an unconventional Myosin, Crinkled, have a bristle and hair phenotype like that of cytochalasin D (Turner and Adler, 1998) (Supplementary  figure 1) . Interestingly, cytochalasin D also blocks actin disassembly within bristles (Guild et al., 2002) . This suggests that, in contrast to most previously examined actin structures in cells in culture, actin modules within the developing bristle are disassembled by the removal of actin monomers from the filament-barbed end. This striking conclusion is supported by time-lapse microscopy of GFPmarked modules (Guild et al., 2002) . Since these highly cross-linked actin bundles are broken down over a period of hours, it is possible that they lack an ATP-actin cap, making them unusually susceptible to barbed-end depolymerisation.
Muscle
Another extensively studied actin super-structure is the acto-myosin fiber used in muscle contraction. Myofibrils have long served as a touchstone for the beauty and complexity of macromolecular construction in nature. The actomyosin array within the insect indirect flight muscle (IFM) is one of the most highly ordered cytoskeletal structures of them all (Fig. 5, reviewed in Vigoreaux (2001) ). With interdigitating thin, actin-based filaments and thick, Myosin based filaments. This specialised structure confers on the IFM unique properties, including an ability to sense and contract in response to mechanical stretch. This means that in the context of the whole animal, where IFMs function in opposition to one another, a single neuronal impulse is able to induce a resonant cycle of muscular contractions and relaxations at frequencies that are not limited by synaptic transmission (Vigoreaux, 2001 ) (.200/s), generating sufficient force to lift the fly into the air.
The development and differentiation of the IFM has been studied in detail using electron microscopy (Reedy and Beall, 1993a,b; Roy and VijayRaghavan, 1997) (Fig. 5) . In other muscles in the fly and in some cell culture models of myogenesis, myofibrils are assembled on a stress-fibre scaffold by the progressive recruitment of the proteins Titin, Muscle Myosin and the concomitant loss of non-muscle Myosin II (Antin et al., 1986; Dabiri et al., 1997; Ojima et al., 1999; Reedy and Beall, 1993a) . Similar stress fiberlike intermediates have not yet been observed during IFM development (Reedy and Beall, 1993b) , however, force generated by supporting tendon cells is required for IFM morphogenesis. Early during myogenesis, , 310 relatively well-ordered sarcomeres, 3-4 thick filaments wide, are seen extending the full length of the IFM (Reedy and Beall, 1993a) . Thin, actin-based filaments are anchored in partially organized Z lines and, in regions of filament overlap, each thick, Myosin-based filament is surrounded by six thin filaments to form the double hexagonal array characteristic of the mature IFM (Fig. 5A,C) . This developing myofibril is encased in a supporting sheath of microtubules, which is essential for its construction (Antin et al., 1981) . During the next 60 h, sarcomeres develop in synchrony, steadily increasing their width from 4 to , 36 filaments while maintaining the ratio of 6 thin filaments to each thick filament. Intriguingly, during this same period, both filaments also increase in length as the sarcomeric unit grows from 1.7 -3.2 m (Reedy and Beall, 1993a) . This contrasts strikingly with vertebrate myogenesis where, once established, sarcomere length remains constant (Littlefield et al., 2001) .
Since the IFM is dispensable for Drosophila viability, it is possible to isolate dominant and recessive mutations that affect its construction and function simply by isolating mutants that cannot fly (reviewed in Vigoreaux, 2001) . Such screens have identified many of the proteins required for myogenesis. These include Act88F, an actin isoform that is almost exclusively expressed in IFMs (Karlik et al., 1984) . Act88F differs from the other Drosophila actins at , 10 sites. It also undergoes a unique set of modifications in the IFM (Hennessey et al., 1991) , which include monoubiquitination (Ball et al., 1987) . The IFM is also distinguished from other muscles by the expression of one of the predicted 480 alternatively spliced Myosin heavy (Mardahl-Dumesnil and Fowler, 2001; Reedy and Beall, 1993a) . chain (MHC) isoforms (exons 3b, 7d, 9a, 11a, 15a and 18) (Hastings and Emerson, 1991) , Troponin H (a tropomyosin (Karlik and Fyrberg, 1986) ) and exon 3 of Troponin I (Barbas et al., 1991) . Finally, a headless Myosin, MRP, appears to be specifically absent from IFMs. In other muscles, MRP is incorporated into the thick filament to reduce power output (Standiford et al., 1997) . Thus, as it differentiates each muscle expresses a unique set of cytoskeletal genes, which give rise to its characteristic structural and functional properties (compare the muscle fibres in Fig. 5B,C) .
Genetic experiments in Drosophila indicate that both myosin and actin filaments play important roles in the regulation of sarcomere construction (see Supplementary figure 1). Somewhat remarkably, in the absence of MHC, arrays of thin filaments are still formed and anchored in Z disks (Beall et al., 1989; O'Donnell and Bernstein, 1988) . Similarly, in Act88F mutant myofibrils, thick filaments self-assemble and even pack into a characteristic hexagonal array at partially formed M lines (Beall et al., 1989) . These data suggest that thick and thin filament arrays are constructed in parallel, with the precise form and dimensions of the sarcomere requiring interactions between the two filament systems. For this reason, the relative levels of actin and Myosin expression are critically important for successful myogenesis. So while the IFM functions well in flies lacking a single copy of both MHC and Act88F, profound defects in myofibril structure are observed if either gene is mutated alone (Beall et al., 1989) . Interestingly, although related Drosophila actins cannot take the place of Act88F, several different MHC isoforms can substitute for the IFM-MHC without severely effecting the structure of the sarcomere (Wells et al., 1996) . Most surprisingly, the expression of a headless Myosin can support the formation of relatively well-ordered sarcomeres in the IFM (Cripps et al., 1999) , suggesting that IFM-specific proteins bound to generic portions of the thick filament help orchestrate the cell type specific geometry of the thick and thin filament assembly (Fig. 5B,C) .
More recently, a novel cytoskeletal system has been discovered which plays an important role in muscle cell differentiation. The Titins are gargantuan proteins, so large that in mammalian cells they have been shown to extend from one end of the sarcomere to the other (Littlefield and Fowler, 1998) . This suggested the idea that Titins could function as molecular rulers, helping to define the length and organisation of the thick and thin filaments in developing muscles (Trinick, 1994) . Three huge Titinrelated proteins have been identified in Drosophila, Kettin (Hakeda et al., 2000) , Projectin (Ayme-Southgate et al., 2000) , and Stretchin (Champagne et al., 2000) . In Drosophila, they appear to play a role in the assembly, mechanical properties and function of IFM muscles. Kettin is essential for myogenesis. It binds to Alpha-actinin within the Z disk and Actin and Myosin, linking thick and thin filament systems (Hakeda et al., 2000; Kulke et al., 2001 ).
In contrast Drosophila Projectin has been implicated in stretch-activation, since mutations in this gene alter the contraction cycle in response to mechanical stretch . It is hard, however, to reconcile the idea that one or more of these proteins might act as a molecular ruler to define sarcomere length, with the fact that sarcomeres double in size during IFM development. Furthermore, on its own, each of these D-Titin isoforms is too small to span the distance between each IFM M and Z line. Thus other components of the myofibril are likely to help define sarcomeric length in Drosophila. Strikingly, loss of Flightin, a small protein component of the thick filament, results in sarcomeres that are properly formed but 25 -30% longer than in the wildtype , suggesting a role for the thick filament in the regulation of sarcomere length. In addition, recent experiments have implicated actin dynamics in this process. In the wildtype myofibril, Tropomodulin caps the minus or 'pointed' ends of actin filaments and CapZ anchors filament plus ends to alpha actinin at the Z line (Papa et al., 1999) . It was therefore surprising to find that when Tropomodulin is over-expressed during growth of the sarcomere, it blocks the elongation of thin filaments located centrally within the myofibril (Mardahl-Dumesnil and Fowler, 2001) . Similar results are seen in chick cardiac muscle cells (Littlefield et al., 2001) , where the length of the sarcomere is reduced by 10% following Tropomodulin over-expression, although it is unaffected by cytochalasin D, a drug that caps the barbed ends of actin filaments. These observations implicate the pointed/minus ends of growing thin filaments as major sites of actin monomer addition; an idea confirmed by the rapid exchange of labelled actin monomers observed at both ends of the thin filament in chick muscle cells (Littlefield et al., 2001) . To conclude, actin dynamics, thick filament components and Titin homologues may all play a role in the establishment and maintenance of sarcomere order and length. In the future, it will be fascinating to learn how these filament systems combine to give rise to such a beautifully ordered array of actin filaments.
Conclusion
As we have seen in this discussion of Drosophila development, actin filaments and myosin motors underlie a wide range of morphogenetic processes. In each instance, actin structures appropriate for the task assemble at a precise place and time, through the action of proteins that modulate actin filament dynamics, filament branching and crosslinking. In addition, coordinating cell behaviour requires that the actin cytoskeleton respond rapidly and sensitively to biochemical and mechanical cues from neighbouring cells and the environment. While many of the properties of actin filaments observed in purified systems are likely to be of relevance in cells and tissues, the limited in vivo analyses discussed in this review have revealed several novel and surprising features of actin filament dynamics (DeRosier and Tilney, 2000) . During the formation of the slowgrowing actin structures within the Drosophila bristle, for example, actin filament bundles of defined lengths are both synthesized and disassembled from filament barbed ends, while during myofibril growth, actin filaments may extend by the addition of actin monomers to the filament pointed end. Similarly, unique demands may be made of actin cytoskeletal dynamics during early stages of Drosophila embryogenesis. To keep up with the extremely rapid changes in cell and tissue form during early embryogenesis, actin filaments may not be assembled de novo in preparation for each morphogenetic event. Instead, actin filaments may be rapidly recycled (remodelled and/or relocalised), as has been shown in the pre-cellular Drosophila embryo (Foe et al., 2000) . Therefore, although we have an increasingly comprehensive understanding of the dynamic properties of actin filaments in vitro and in motile cells in culture (Carlier et al., 2003; Pollard and Borisy, 2003) , we have much to learn about actin dynamics and the function of actinregulators in the construction and disassembly of actin filament networks during development.
At each stage of development, embryos are likely to use different strategies to regulate cytoskeletal organisation, reflecting the differing constraints and problems faced. For example, the rapid, early stages of Drosophila embryogenesis rely on the large store of inherited proteins and mRNAs present in the Drosophila egg, which includes the majority of actin-binding proteins and such central actinregulators as Profilin (Cooley et al., 1992; Verheyen and Cooley, 1994) , Cofilin (Gunsalus et al., 1995) , CAP (Baum et al., 2000; Benlali et al., 2000) , the Arp2/3 complex (Hudson and Cooley, 2002a) , Scar (Zallen et al., 2002) and Myosin II (Young et al., 1991 (Young et al., , 1993 ) (see Supplementary figure 1). As a result, all cells of the developing embryo receive an almost identical complement of cytoskeletal regulators, whether destined to be an epithelial cell, a muscle or a neuron in the head or the tail. For this reason, specific morphogenetic events in the early embryo must be brought about primarily by changes in the phosphorylation and/or localisation of pre-existing cytoskeletal regulators. In contrast, during later development and metamorphosis, sufficient time is likely to be available for the step-by-step elaboration of complex cytoskeletal structures, such as the bristle and sarcomere, without differentiating cells suffering the potentially disruptive effects of cell division. Moreover, with development transcriptional circuitry may begin to play a more central role in the morphogenetic design process as the maternal pool of proteins becomes progressively exhausted.
Finally, having discussed the mechanisms used to control the formation of specific structures, it is also important to consider how precisely graded morphological differences between structures are generated during development. There are hundred of muscles in the fly, each with a characteristic ultra-structure and function, and hundreds of thousands of precisely wired neurons. To generate such a diversity of form, a flexible set of morphological design tools is required that can be accurately and smoothly modified in response to patterning information. This flexibility is clear from the fact that most structures, e.g. bristles and hairs, retain their proper proportions in flies varying in size by a factor of 4 as the result of changes in growth signalling (Stocker and Hafen, 2000) . In addition, to ensure that morphogenesis during development occurs flawlessly, in spite of fluctuations in the temperature, humidity and mechanical damage, etc. checkpoints must be built into each system to monitor the completion of morphogenetic events and to correct and compensate for defects as they arise. Even in the absence of perturbation, similar mechanisms are likely to help ensure that individual cell shapes changes are properly coordinated during normal embryogenesis. Therefore, as is clear the moment we put down a review on the subject to take a look at that confounding form in the mirror, we still have much to learn about Metazoan morphogenesis.
